, and 160 s -1 ·mM -1 for SGZ. Our results demonstrate that Ochrobactrum sp. 531 MCO is a bacterial laccase which oxidized phenolic substrates DMP and SGZ effectively under alkaline conditions. These unusual properties make the enzyme an interesting biocatalyst in applications for which classical laccases are unsuitable.
INTRODUCTION
Laccases (EC 1.10.3.2) are a family of multicopper oxidases which catalyze the oxidation of a wide range of inorganic and aromatic substrates by coupling four-electron reduction of dioxygen to water [1, 2] . Laccases are widely found in plants, insects and fungi, and recent studies are increasing their number especially in prokaryotic sources [3] . Multicopper oxidases are found in Streptomycetes griseus [4, 5] , Streptomyces lavendulae [6] , Sinorhizobium meliloti [7] , Marinomonas mediterranea [8] , Escherichia coli [9, 10] , Klebsiella sp. 601 [11] , Bacillus subtilis [12] , Bacillus sphaericus [13] and Bacillus halodurans [14] . Like fungal and plant laccases, bacterial laccases also contain four copper atoms: type I or blue copper, type II or normal copper, and type III or coupled binuclear copper center [15] . Compared to fungal laccases, bacterial laccases show little overall amino acid sequence similarity, low oxidation rate, and supplementation of Cu 2+ [16] . Because of these differences, bacterial enzyme is often defined as "multicopper oxidase (MCO)", and its activity as "laccase-like enzyme".
Although fungal laccases are currently commercialized for industrial application, most of them have narrow substrate specificity and a limited effective pH range, especially in alkaline environments. The amount of fungal laccases does not meet current market requirements due to their expression difficulty in prokaryotic hosts in an active form, but bacterial laccases, unlike fungal ones, do not require any post-transcriptional modification, and are able to express in prokaryotic hosts as a soluble form. Bacterial laccases also act in a wide rang of pH, and have wide substrate specificities and good stability [16] . Its low activities can be improved, because the factors affecting enzyme activity can often be defined and optimized via enzymatic study and protein engineering [17] [18] [19] [20] .
Considering the potential applications of bacterial laccases in environment and green industry, we isolated a novel strain Ochrobactrum sp. 531 displaying laccase activity from soil, cloned a DNA fragment encoding a MCO gene, and studied its expression in E. coli BL21 (DE3) pLysS. The enzyme was purified to homogeneity, and its kinetic parameters for 2,6-dimethoxyphenol (DMP), 2,2'-azino-bis(3-ethylbenzthiazolinesulfonic acid) (ABTS), and syringaldazine (SGZ) were also determined through steadystate kinetics. Our results demonstrate that the cloned Ochrobactrum sp. 531 fragment encodes a bacterial laccase which can oxidize DMP and SGZ effectively under alkaline conditions.
MATERIALS AND METHODS

Strains, Plasmids and Chemicals
Ochrobactrum.531 was isolated from soil and stocked in our laboratory. E coli DH5α and E. coli BL21 (ED3) pLysS were used for DNA amplification and protein expression. All primers used in this study are listed in Table 1 . PCR reagents, T-vector, ligase kits, restriction enzymes, and DNA markers were purchased from TaKaRa. The gel recovery kit was bought from V-Gene. ABTS, DMP, and SGZ were purchased from Sigma. The reagents for electrophoresis were bought from Ameresco. Inorganic salts, antibiotics, and culture medium were obtained from Zhong Ke (Shanghai, China).
Cloning the Core Sequence of
Ochrobactrum sp. 531 MCO Gene by PCR
As the genomic DNA of Ochrobactrum sp. 531 is not sequenced yet, it was difficult to use PCR technique directly to clone its MCO gene. We adopted the methodology described in Li et al. [11] to clone the core segment of MCO from the genomic DNA of Ochrobactrum sp. 531. Sequence alignments revealed that amino acids at four copper-binding sites of both eukaryotic and prokaryotic laccases are highly conserved [21, 22] . To reduce the degeneracy of DNA composition, Blast search in GenBank and sequence alignment found a conserved pattern WFHPHL(Q)H and HP(A)MF(A)HCH at copper-binding sites of the CueO-type multicopper oxidases of several bacteria (see Figure 1(a) ). Based on these two conserved sequences, two degenerate primers, 531F1 and 531R1 (Table 1) , were designed using the program CODEHOP [23] . 10 ng of genomic DNA extracted from Ochrobactrum sp. 531 was used as template in 100 l reaction solution containing 10% 10  PCR buffer, 0.2 mM dNTPs, 0.4 M 531F1, and 531R1 primers. PCR was initiated by adding 2.5 U ExTaq DNA polymerase and performed at 94˚C for 5 min, followed by 30 cycles of denaturizing at 94˚C for 30 s, annealing at 54˚C for 45 s, and extension with ExTaq DNA polymerase at 72˚C for 90 s. The PCR product (1092 bp) was then recovered using gel extraction kits, inserted into pMD18-T vector by mixing DNA fragment and pMD18-T DNA (5:1) and incubated at 16˚C for 4 hours. 5 μl ligation mixture was used for transforming E. coli DH5α via calcium chloride method [24] . Positive transformants were screened using LB plates supplemented with 100 g/ml Ampicillin, and further confirmed by PCR in which two primers, 531F1 and 531R1, were used. The cloned DNA segments were finally sent to Genomic Institute of Science and Technology Co., Ltd (Shanghai, China) for DNA sequencing. Finally a core DNA fragment (1092 bp) was obtained (see Figure 1(b) ). Translation gave the cloned DNA 364 amino acids with Cu II, Cu III, and Cu IV sites.
Cloning Full Length of the Gene
BlastP search showed that amino acid sequence, derived from the cloned 1092 bp DNA, gave 98% similarity to Ochrobactrum anthropi (gi/153011149) and more than 75% to Brucella suis (gi/23500444 . Protein purity was routinely monitored on 10% SDS-PAGE. Enzyme activity was also monitored routinely by active staining on a 10% native gel as described below.
Enzyme Expression and Purification
Two primers 531LF1 and 531LR1 with a restriction site (see Table 1 ) were designed based on the DNA sequence of the cloned gene from Ochrobactrum sp. 531, and used to amplify the cloned gene via PCR from the recombinant plasmid pMD18-T carrying the cloned 1602 bp DNA segment in order to insert it into a pET23a vector at EcoR I and Sal I sites. As described above, similar PCR procedure was employed to subclone the gene encoding MCO. The amplified DNA was then digested with EcoR I and Sal I and inserted into pET23a vector. To eliminate possible contamination of E. coli CueO during purification, a 6  his tag was designed at the C-terminus of Ochrobactrum sp. 531 MCO. The recombinant pET23a plasmid was finally introduced into E. coli BL21 (ED3) pLysS. Positive transformants were selected using LB plates plus 100 g/ml Ampicillin, and confirmed by PCR. Single colony was inoculated into 5 ml LB containing 100 g/ml Ampicillin and incubated at 37˚C overnight. 5ml overnight culture was then transferred into 500 ml fresh LB medium supplemented with 100 g/ml Ampicillin, and bacterial culture was incubated at 23˚C. When OD 600 approached to 0.6, protein expression was initiated by adding IPTG to the final concentration of 0.5 mM, and bacterial cells were grown continually for 6 hours at 23˚C. After harvested by centrifuging at 6000 rpm for 15 min at 4˚C, bacterial cells were re-suspended in 50 mM Tris-HCl (pH 8.0) and broken by sonication. The crude extract was collected and clarified by centrifugation at 12,000 rpm for 15 min at 4˚C. The enzyme was purified via Ni-affinity chromatography. The Ni-affinity column was equilibrated with 2.5. Active Staining 10% native gel was used to separate the crude extract as described previously [25] . After electrophoresis, the minigel was first soaked in 30 ml of 50 mM TrisHCl (pH 7.5 or 8.0) for 15 minutes, and then stained in 50 mM TrisHCl buffer (pH 7.5 or 8.0) containing 0.02 mM DMP (or SGZ) and 0.2 mM CuSO 4 at room temperature for 15 minutes. All results were recorded by scanning or photography.
Enzyme Assay and Kinetic Parameter Determination
Enzyme activities towards substrates DMP, SGZ, and ABTS were examined at 37˚C according to the protocol described in Palmieri [26] . Absorbance was measured at 477 nm for DMP, 420 nm for ABTS and 530 nm for SGZ on a Shimadzu UV/visible spectrophotometer (UV-2550).
The extinction coefficients used in active assays were 14. 
RESULTS
Identification of Laccase Activity
The 1602 bp nucleotide sequence of intact MCO open reading frame cloned from Ochrobactrum sp. 531 is shown in Figure 2 . 533 amino acids were deduced for Ochrobactrum sp. 531 MCO based on its DNA sequence. As shown in Figure 2 , Ochrobactrum sp. 531 MCO contains four His-rich copper binding domains, which is a typical feature for multicopper oxidase family. Analysis of the primary structure suggested that Ochrobactrum sp. 531 MCO could be a multicopper oxidase that might act as a laccase. Furthermore, Ochrobactrum sp. 531 grew quite well at pH 9.0 (data not shown), suggesting that the enzyme could be active at higher pH. 
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To further confirm whether the cloned gene actually encodes an enzyme acting as a multicopper oxidase, the ORF cloned from Ochrobactrum sp. 531 was inserted into the expression vector pET23a and controlled under a T7 promoter. The recombinant plasmid was transformed into E. coli BL21(DE3) pLysS, and positive transformants were then used for protein expression. After induction by IPTG, about 60 kDa protein was detected on 10% SDS-PAGE gel (see Figure 3(a) ), which is very close to 57.8 kDa calculated theoretically from the amino acid composition of Ochrobactrum sp. 531 MCO by ProtParam. Slightly larger molecular weight appearing on SDS-PAGE gel could be because of the presence of 6  his tag at the carboxyl terminus of the enzyme. Activity staining on 10% native gel showed both purified enzyme and crude extract catalyzed oxidation of three laccase substrates DMP at pH 8.0, SGZ at pH 7.5) (see Figures 3(b) and (c)), and ABTS at pH 4.0 (data not shown). Addition of Cu 2+ into the reaction system markedly enhanced oxidation of all three substrates in activity staining (data not shown), indicating that copper ion is essential for the enzyme activity. All these results clearly demonstrate that the cloned Ochrobactrum sp. 531 MCO indeed is a multiple oxidase acting as a laccase. Enzyme activities were spectrophotometrically examined with a fixed concentration of DMP (1 mM), ABTS (0.5 mM), and SGZ (0.02 mM) over a range of pH values. Figure 4(a) showed that Ochrobactrum sp. 531 MCO acted over a wide range of pH (from 3.0 -9.5). The optimal pH range for enzyme catalysis was found to be 8.0 for DMP, 3.6 for ABTS, and 7.5 for SGZ. This enzyme showed its activity towards DMP from pH 3.0 to 9.5, but strong oxidation activity occurred in the pH range of 7.5 to 9.0. For SGZ, enzyme activity was observed in the pH range of 6.0 to 9.0, with optimum activity at pH 7.5. These bell-shaped pH-dependent activity profiles are similar to those found for the oxidation of phenolic substrates by laccases. The redox potential difference between the phenol and the T1 copper of laccase, i.e. the driving force for electron transfer, increases with pH, but anions such as CN -, F -, Cl -, and OH -inhibit laccase activity by binding to the T2/T3 coppers, which interrupts the internal electron transfer from T1 to the T2/T3 centre [27, 28] . With the substrate ABTS, the enzyme activity was detectable only at low pH range (pH 3.0 -5.0). This may be explained by the non-phenolic nature of ABTS because only inhibittory effect of OH -is observed in this case. Enzyme activities were also measured over a range of temperatures (20˚C -50˚C) under optimal pH conditions. The results show that optimal temperature range for enzyme activity towards three substrates DMP, ABTS, and SGZ is 37˚C -40˚C (data not shown). In addition, the effect of divalent ions on enzyme activity at 37˚C was also examined. The rates were measured in the assay solution containing 1 mM DMP and 30 mM Tris-HCl (pH 8.0) and 0. , and Fe 2+ did not give the enzyme any detectable activity (see Figure  4(b) ). Enzyme activity was examined at 37˚C and pH 8.0 by a fixed concentration of 1 mM DMP and varying Cu 2+ concentrations (0 -5 mM), the activity rapidly increased with the increase of Cu 2+ concentrations from 0 to 0.2 mM, and then stayed constant up to at least 3 mM. When Cu 2+ concentration was approached to 5 mM, the enzyme decreased 20% activity (data not shown).
Properties of Ochrobactrum sp. 531 MCO
Theoretical calculation by ProtParam gave
Impact of pH on enzyme stability was also investigated. 50 l of the purified enzyme (0.45 mg/ml) was added into 950 l of different buffers in the pH range of 3.0 to 9.5, and stayed at 4˚C for 0 -20 hours. Rates were measured at 37˚C in 20 mM Tris-HCl buffer (pH 7.5) containing 0.02 mM SGZ and 0.2 mM CuSO 4 . As shown in Figure 4 (c), the activity of the enzyme kept in pH 6.5 remained almost constant for 20 hours. On pH 7.5, the enzyme still showed more than 80% activity after 20 hours. In contrast, enzyme activities decreased to less than 40% and 50% when the enzyme was stored at pH 3.0 and 9.5 respectively, for 20 hours. Our results demonstrate that Ochrobactrum.531 MCO kept in neutral pH buffers is quite stable. Figure 4 (c) also shows that the enzyme kept in alkaline pH is more stable than in acidic conditions.
Kinetic Parameters of Ochrobactrum.531 MCO
Kinetic parameters were estimated under the conditions described in the experimental section in the varying concentrations of DMP (0.05 -0.2 mM), ABTS (0.03 -0.15 mM), and SGZ (6 -25 M). As shown in Activities were measured at 37˚C under optimal conditions. The detailed methods were described in the experimental section. [10] [11] [12] . Further investigation is required to work out such differences between Ochrobactrum and other bacterial MCOs.
Bioinformatics programs theoretically predicated that Ochrobactrum sp. 531 MCO is a soluble enzame. However, like Klebsiella sp. 601 MCO [11] , 85% enzyme expressed in E. coli precipitated together with cell debris as inclusion bodies into the pellet even when expressed at 20˚C (data not shown). Obviously, its insoluble behavior is contradictory to the results predicted by hydrophobicity analysis. The vital transmembrane segment (at position 11 -21 and 16 -17) is located inside the singal peptide. If the singal peptide were not cleaved by singal peptidase in E. coli, the enzyme containing the singal peptide might have anchor to the bacterial membranes via the transmembrane segment of the singal peptide. Without cleavage, the singal peptide part might also cause improper folding of the enzyme molecules. Either protein adherence to bacterial membranes or improper enzyme-folding could result in the formation of preciptation during crude extract preparation. Although we did not examine the cleavage of singal peptide in vivo, SDS-PAGE gave only one band of the purified enzyme with a molecular mass of about 60 kDa, suggesting that the singal peptid at N-terminus of the enzyme was not cleaved in E. coli. Given that the signal peptide was removed by E. coli singal peptidase, about 54 kDa protein band could emerge on SDS-PAGE gel. Obviously, the detailed study on the protein solubiliy of Ochrobactrum sp. 531 MCO is also required.
Laccases are very attractive enzymes for application in green chemistry, biotechnology, and environment engineering. Most bacterial MCOs display laccase activities, which make them a good potential candidate for Industrial applications. Different from fungal laccases, bacterial MCOs have a notable advantage that they can be easily expressed in E. coli or yeast in an active form of the enzyme without any glycosylation. Nevertheless, more in-depth study is needed about the detailed molecular mechanisms for substrate specificity, catalysis in different conditions, enzyme folding, and secretion, to improve catalytic activity of bacterial MCOs. Ochrobactrum sp. 531 MCO has unusual characteristics of bacterial laccases. For the phenolic substrates DMP and SGZ, enzyme shows optimum activity at alkaline pH. Our finding, together with those reported in other bacteria [14] , underlines the potential of bacteria as a source of unusual alkaline laccases. Although Ochrobactrum sp. 531 MCO, like other bacterial laccases, displays lower activity, factors affecting enzyme activity can be optimized through protein engineering as reported recently [19, 20] . Its expression in E. coli with low solubility will be improved in further studies by periplasmic protein expression, mutagenesis, incubating under low temperature plus microaerobic conditions, or secretion in yeast. It is expected that many more novel bacterial alkaline laccases, like Ochrobactrum sp. 531 MCO, B. halodurans Lbh1 [14] , and the metagenome-derived Lac591 [29] , will emerge from prokaryotic sources in near future. Unusual properties of bacterial laccases will draw more attention by industry for large scale production, green chemistry, biotechnology, and environment engineering.
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